Abstract: Resonant radiation phase-matched to a soliton in gas-filled hollow-core fibers is an efficient femtosecond UV source. By tapering the fiber our simulations show that the supercontinuum can be significantly extended into the extreme ultra-violet. OCIS codes: 190.5530; 190.7220; 190.7110 The UV spectral range (10-400 nm) is of great technical and scientific interest because it is associated with an extensive range of applications. However, the availability of femtosecond laser sources in that spectral region is scarce: standard frequency conversion of near-IR lasers in crystals is limited to the near-UV (300-400 nm) and mid-UV (200-300 nm), while in the far-UV (120-200 nm) and extreme-UV (XUV, 10-120 nm) the UV losses and lack of phase-matching conditions make harmonic conversion in crystals impossible. In turn, harmonic generation in gas jets require high-energy pulses from low-repetition rate lasers and has low yield. Hollow-core anti-resonant fibers (HC-ARF) [1] are interesting because by structurally optimizing the cladding tubes surrounding the fiber core, extremely low propagation loss can be achieved, the fiber can be effectively made single-mode, and have 40 dB extinction ration between the power in the core and the glass cladding. Thus, silica fibers can be used in the UV and mid-IR ranges for nonlinear optics with high-power µJ-scale fs pulses [2] . Bright emission of UV pulses using noble-gas-filled HC fibers has been demonstrated: it is based on efficient generation of UV resonant radiation (RR) waves, phase-matched to a near-IR soliton forming at the pump wavelength [3] [4] [5] [6] . In order to phase-match the RR waves in the vacuum UV (spanning far-UV to XUV) light gases were used with very high pressure. We propose to use a tapered HC-AR fiber to push the RR waves further into the UV, entering the XUV, while keeping a quite moderate gas pressure [7] . We find that every section of the taper profile (transition length, waist, up-taper) has a crucial role in the soliton-plasma dynamics, which eventually directly affects the location and intensity of the generated RR waves. In other words the taper profile should be carefully designed. The HC-ARF used was a 7-ring "revolver" type design, with the cladding tube wall thickness of 250 nm to give lowest loss at the pump wavelength, 800 nm. This was modeled with COMSOL, giving the mode dispersion and loss (including material loss for the mode portion in silica in the UV) across the UV and near-IR spectral ranges. The initial core diameter was 34 µm. Four additional © 2 0 1 8 T h e Au t h o r ( s )
We propose to use a tapered HC-AR fiber to push the RR waves further into the UV, entering the XUV, while keeping a quite moderate gas pressure [7] . We find that every section of the taper profile (transition length, waist, up-taper) has a crucial role in the soliton-plasma dynamics, which eventually directly affects the location and intensity of the generated RR waves. In other words the taper profile should be carefully designed. The HC-ARF used was a 7-ring "revolver" type design, with the cladding tube wall thickness of 250 nm to give lowest loss at the pump wavelength, 800 nm. This was modeled with COMSOL, giving the mode dispersion and loss (including material loss for the mode portion in silica in the UV) across the UV and near-IR spectral ranges. The initial core diameter was 34 µm. Four additional COMSOL simulations were made at 25.5, 17, 12 and 10 µm core diameter. When implementing the tapering section a cubic spline interpolation was used to calculate the dispersion and loss in the intermediate points not directly supported with COMSOL data (see [7] for more details). We stress that the dispersion and loss resonances were fully modeled in the generalized nonlinear Schrödinger equation, as in [2] , which is important because the resonances will shift around when the fiber is tapered.
We performed simulations using Ne (as the lighter noble gases reportedly has the lowest XUV losses [5] ) at pressures from 1-15 bar, and with 10 µJ 800 nm 30 fs FWHM pump pulses. The results we present here are taken at 4.5 bar pressure, and are representative. In an untapered fiber (not shown), the soliton self-compression point occurs after 22 cm, with an RR wave around 1 PHz (edge of UV). The first case, Fig. 1 , had the taper start right at this point. We decided to stop the taper at 12 µm since the 10 µm core has very large losses at 800 nm. The PSD in (a) shows significant extension in the tapering section of the continuum even as far as the beginning of the XUV. The pulse energy in (c) shows that around 300 nJ total UV is generated, most of it in the near-and mid-UV, and only little in the far-UV. The total energy is seen to drop 3-4 dB due to losses at the pump wavelength from significant ionization as the GW peak power soliton is formed, cf. Fig. 1(b) and (e). We further found (not shown) that shortening the tapering section to 2 cm gave an increased far-and XUV pulse generation. The second case we considered was to take a very short initial stage before the taper, which is also kept short. Thus, the tapering occurs before the soliton compresses. Fig. 2 shows that this give an interesting case where the leading edge experiences soliton self-compression, and the continuum at the taper exit is pushed across the entire near-, midand far-UV, and a RR wave eventually forms in the XUV. The XUV energy is seen to be above 10 nJ.
Concluding, we have shown that a tapered hollow-core fiber can significantly extend the UV supercontinuum, entering even into the XUV, without requiring high pressure for achieving phase-matching.
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